The group-specific component (Gc) is the
of an ancestral gene from 300-500 million years ago (18) .
This study furnishes, through the characterization of an isolated recombinant clone, the entire coding sequence of the human Gc gene, including a sequence encoding a postulated 16 amino acid leader sequence. The protein sequences and the structural domains defined by the deduced disulfide bridges in Gc, a-fetoprotein, and albumin reveal striking homology. Utilization of Gc cDNA in somatic hybrid cell analysis has confirmed that the Gc locus is on chromosome 4. A brief report of this work has been presented (30) .
The group-specific component (Gc) is an a2-globulin of Mr -51,000 (1) . It is synthesized in the liver and is the major vitamin D-binding protein in plasma (2) . Gc appears in human populations as three common genetic phenotypes: Gcl, Gc2, and Gc2-1 (1) . Tryptic peptide maps of Gcl and Gc2 differed by two peptides related to structural differences involving at least three amino acid residues (3). Gcl migrates electrophoretically as two bands, fast and slow, because of a posttranslational event involving sialic acid (3) . With the application of isoelectric focusing (4) many additional genetic subtypes have been reported (5) . Binding of vitamin D3 by Gc is accompanied by a decrease in isoelectric point and increased electrophoretic mobility at alkaline pH, indicating a conformational change (6) . Gc has also been reported to bind G-actin (7) and to be spatially associated with IgG on lymphocyte membranes (8) .
After analyzing segregation patterns in informative families, Weitkamp et al. (9) discovered that the human Gc and albumin (ALB) genes are tightly linked. Later, studies of a human family having a deletion in chromosome 4 and incompatibility within the Gc allelic system showed that the Gc gene was on the long arm of chromosome 4 at qll-q13 (10) .
A question of evolutionary homology was raised earlier because of the genetic linkage of Gc and albumin (9) , because ofthe presence of a low carbohydrate content and an unusually large number of half-cystinyl residues in each (11) , and recently because of homology in the N-terminal sequences (12). Brown (13) demonstrated that albumin evolved by intragenic triplication of a primordial gene that coded for a small protein corresponding to one domain of the vertebrate albumin gene. Sequence analysis showed that the disulfide crosslinks in albumin generated a pattern of loops that was repeated three times, defining three structural domains. The nucleotide se-MATERIALS AND METHODS Synthesis of Oligonudeotides of Mixed Sequence. The sequence of amino acid residues 10-17 (Asn-Lys-Val-Cys-LysGlu-Phe-Ser) in the N-terminal sequence of human Gc (6) determined earlier in our laboratory was chosen for construction of a 20-mer oligonucleotide probe. Twelve mixed oligonucleotides were synthesized: 3' TT(A/G)-TTT-CA(A/G/T)-AC(G/A)-TTT-CTT-AA 5'. A second sequence (Met-Trp-Glu-Tyr-Ser-Thr), also determined in our laboratory (19) , was chosen for construction of a 17-mer oligonucleotide. The source of the amino acid sequence was a glycopeptide, CBII, obtained after cyanogen bromide treatment of Gc. Twenty-four mixed oligonucleotides were synthesized: 3' TAC-ACC-CTT-AT(A/G)-(A/T)(G/C)(A/G/T)-TG 5'. The probes were synthesized by P-L Biochemicals. Purified oligonucleotides were labeled at the 5' end with [92P]ATP and polynucleotide kinase (20) .
Isolation of Gc cDNA. A human liver cDNA library (21), kindly provided by S. H. Orkin (Harvard Medical School, Boston), was screened with the oligonucleotide probes. The hybridization conditions were as described (22) . Plasmid DNA was isolated and purified as described (22) .
DNA Sequence Determination. Both strands of the Gc cDNA were sequenced by the chemical cleavage method (23) and by the dideoxy chain-termination method (24) . Template DNAs for dideoxy sequencing were prepared by inserting the restriction enzyme fragments of the Gc cDNA insert into M13 cloning vectors. The complex Gc cDNA sequence was assembled from sequences of overlapping restriction enzyme fragments.
Gene Mapping. Chromosome mapping of Gc was performed using human-mouse somatic-cell hybrids, which segregate human chromosomes (25) . DNAs from the cell hybrids were isolated and digested with Pvu II and were analyzed by Southern filter hybridization as described (26) . The cDNA insert, Gc2p, encoding Gc was isolated by Pst I Abbreviation: bp, base pair(s).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Proc. Natl. Acad. Sci. USA 82 (1985) provided a total amino acid composition very similar to those determined from amino acid analyses of Gcl (slow-and fast-migrating components), Gc2, and Gc2-1 reported previously (11) . Furthermore, the N-terminal sequence deduced from Gc cDNA was identical to residues 1-25 of Gcl (slow and fast) and residues 1-20 of Gcl (slow), Gcl (fast), and Gc2 as determined by amino acid sequence analysis (3), except that Gc cDNA predicted glutamic acid rather than glutamine as residue 2, and aspartic acid rather than asparagine as residue 6. The sequence provided by Gc cDNA was also the same as that reported recently for residues 1-40 in Gcl (slow), Gcl (fast), and Gc2 (12). Residues 145-162 in the sequence deduced from Gc cDNA were the same as the 20 residues reported in homologous cyanogen bromide peptides from Gcl and Gc2 (19) . Furthermore, the sequences of residues 414-420 and 421-424 deduced from the cDNA were identical to the two tryptic peptides reported to be unique to Gc2 (3). The Gc cDNA sequence confirmed that the two Gc2 peptides are contiguous (residues 414-424) and contain a trypsin-sensitive bond involving the carboxyl group of Lys-420, which is replaced by threonine in Gcl (3). Therefore, the insert in Gc2p contains the entire coding sequence of the Gc2 allele. The deduced sequence revealed only one potential region, residues 272-274 (Asn-Leu-Ser), at which N-glycosylation could take place. Insert Gc2p encodes 458 amino acids of the mature protein, providing a minimum molecular weight of 51,240. Although Gc is smaller than albumin and a-fetoprotein, which contain 585 and 590 amino acids respectively (sequences given in refs. 15 and 16) , it is homologous with the two proteins throughout its entire sequence (Fig. 2) . After 16 gaps were introduced in the deduced amino acid sequence ofGc and 6 gaps were introduced in the a-fetroprotein and albumin amino acid sequences, Gc and albumin were 24% identical and Gc and a-fetoprotein were 19%o identical (unpublished results). The N-terminal 31 residues of Gc and albumin were 36% (Fig. 2) identical, in contrast with only 7% identity in the same region of Gc and a-fetoprotein.
The most conspicuous similarities in Gc, albumin, and a-fetoprotein are the conserved patterns of deduced disulfide bridges forming the nine double loops that define the three structural domains (Figs. 2 and 3) . One -Cys-Cys-sequence, Amino acids homologous to those of mature human a-fetoprotein (AFP) and albumin (ALB) are indicated by shading at the top and bottom, respectively, of the ovals representing the residues. Gc, albumin, and a-fetoprotein are highly conserved (Fig. 3) .
The Gc sequence is arranged in Fig. 2 FIG. 3 . Conserved locations of the cysteine residues and -Cysbridge. Albumin is missing one of the ancestral disulfide Cys-sequences in Gc, a-fetoprotein (AFP), and albumin (ALB). Thin bridges residues 8iand heverlotisu vertical bars represent cysteine residues, whereas thick vertical bars bridges at residues 8 and 54. Gc, however, contains a represent -Cys-Cys-sequences.
-Cys-Cys-sequence at residues 58 and 59 which would be available to form a disulfide bond with residue 13 and a disulfide bond with residue 67 (Fig. 2) . This would correat positions 58-59 in the first domain of Gc, is not present in spond to the hypothetical double disulfide bridge in the first albumin or a-fetoprotein. When the structure deduced for Gc subdomain of the albumin ancestral model proposed by was compared to the triple-domain structures of albumin and Brown (13) 14.5 kbp between the albumin and a-fetoprotein region of 4qll-q22 (10, 17) . The amino acid sequence and genes (28) , indicates the three genes are within a distance of structure of Gc have striking similarities to those of albumin -1.51 centimorgans on human chromosome 4qll-q22. The and a-fetoprotein. The pattern of disulfide bridges that dominant gene responsible for the disease dentinogenesis Proc. Natl. Acad. Sci. USA 82 (1985) imperfecta, DI, has been mapped to a nearby locus 5-9 centimorgans from the chromosomal locus of the Gc gene (29) , Because of the proximity of Gc to DI the Gc cDNA probe may facilitate detection of DNA polymorphisms that will be useful for regional mapping and identification of the dentinogenesis imperfecta gene.
Note Added in Proof. While this report was in press, we learned of the work of Cooke and David (31) , who kindly shared their results with us. A comparison of both reports indicates the Gc cDNA characterized in their study was the Gcl type; it differed from the deduced sequence of Gc2 in our results (Fig. 1) by four residues and included the same amino acids at residues 416 and 420 reported by Svasti et al. (3) to be characteristic of Gcl.
